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Dark matter detectors that utilize liquid xenon have now achieved tonne-scale targets, giving them
sensitivity to all flavours of supernova neutrinos via coherent elastic neutrino-nucleus scattering.
Considering for the first time a realistic detector model, we simulate the expected supernova neutrino
signal for different progenitor masses and nuclear equations of state in existing and upcoming dual-
phase liquid xenon experiments. We show that the proportional scintillation signal (S2) of a dual-
phase detector allows for a clear observation of the neutrino signal and guarantees a particularly
low energy threshold, while the backgrounds are rendered negligible during the supernova burst.
XENON1T (XENONnT and LZ; DARWIN) experiments will be sensitive to a supernova burst up
to 25 (35; 65) kpc from Earth at a significance of more than 5σ, observing approximately 35 (123;
704) events from a 27 M supernova progenitor at 10 kpc. Moreover, it will be possible to measure
the average neutrino energy of all flavours, to constrain the total explosion energy, and to reconstruct
the supernova neutrino light curve. Our results suggest that a large xenon detector such as DARWIN
will be competitive with dedicated neutrino telescopes, while providing complementary information
that is not otherwise accessible.
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I. INTRODUCTION
Core-collapse supernovae are among the most energetic
transients that occur in the Universe, originating from
the death of very massive stars [1, 2]. Despite the re-
markable progress we have seen in our understanding of
the core-collapse physics over the last decade, we are still
far from fully grasping the physical processes that un-
derlie the supernova (SN) engine and, in particular, the
role that neutrinos play in powering it [1, 3, 4]. A high-
statistics detection of neutrinos from the next Galactic
SN explosion in detectors that operate with different
technologies will shed light on both the stellar engine and
the properties of neutrinos. Neutrino flavour discrimi-
nation will be crucial to investigate neutrino oscillation
physics and scenarios with non-standard neutrino prop-
erties [3, 5–9]. On the other hand, the detection of all six
neutrino flavours will be essential to reconstruct global
emission properties, such as the total explosion energy
emitted into neutrinos [10–12].
At present, several neutrino detectors are ready for
the next Galactic SN explosion, while others are un-
der construction or being planned [3, 13]. Among these
experiments, the most promising technologies include
Cherenkov telescopes and liquid scintillators, as used in
or proposed for IceCube [14], Super-Kamiokande [15, 16],
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IceCube-Gen2 [17], Hyper-Kamiokande [18], LVD [19],
Borexino [20], JUNO [21], RENO-50 [22], and Kam-
LAND [23, 24]. Both of these technologies will be able
to probe ν¯e neutrinos with high accuracy. In contrast,
the planned liquid argon detector within the DUNE fa-
cility [25] will accurately probe the νe channel. There are
also proposals to study the νe properties with Cherenkov
telescopes or liquid scintillators [26–28] or with experi-
ments that use lead or iron targets [29–31]. Together,
these experiments will accurately measure the ν¯e and νe
fluxes from the next Galactic SN explosion [13].
The elastic scattering of neutrinos on protons [11, 32]
and on nuclei [10] are alternative tools to detect astro-
physical neutrinos. Neutrino-nucleus scattering is espe-
cially attractive because, at low energies, the scatter-
ing cross-section is coherently enhanced by the square
of the nucleus’s neutron number [33]. Supernova neutri-
nos with energies of O(10) MeV induce O(1) keV nuclear
recoils through coherent elastic neutrino-nucleus scatter-
ing (CEνNS). Although recoils in this energy range are
too small to be detected by conventional neutrino de-
tectors, it is precisely this energy range for which direct
detection dark matter experiments are optimized [34].
The primary purpose of these experiments is to search
for nuclear recoils induced by Galactic dark matter par-
ticles. Yet, sufficiently large experiments (& tonne of
target material) are also sensitive to CEνNS from SN
neutrinos [12, 35–37].
Mediated by Z-boson exchange, CEνNS is especially
intriguing because it is equally sensitive to all neutrino
flavours. Detectors that observe CEνNS are therefore
sensitive to the ν¯µ, νµ, ν¯τ and ντ (otherwise dubbed νx)
neutrinos within their main detection channel, in addi-
tion to the ν¯e and νe neutrinos [10]. This feature car-
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2ries numerous implications for experiments that detect
CEνNS. For instance, the neutrino light curve could be
reconstructed without the uncertainties that arise from
neutrino oscillation in the stellar envelope [38], the total
energy emitted into all neutrino species could be mea-
sured, or, by assuming adequate reconstruction of the ν¯e
and νe emission properties with other detectors, CEνNS
detectors provide a way to reconstruct the νx emission
properties.
In this paper, we revisit the possibility of detect-
ing CEνNS from SN neutrinos in the context of
XENON1T [39] and larger forthcoming direct detection
dark matter experiments that employ a xenon target,
such as XENONnT [39], LZ [40], and DARWIN [41].
Among the various technologies used in direct detection
experiments, dual-phase xenon experiments have many
advantages: the large neutron number of the xenon nu-
cleus enhances the CEνNS rate compared to nuclei used
in other direct detection experiments; they are sensitive
to sub-keV nuclear recoils; the deployment of XENON1T
heralds the era of tonne-scale experiments, which are rel-
atively straightforward to scale to even larger masses;
despite their large size, the background rates are very
low; and, finally, they have excellent timing resolution,
O(100)µs, in the data analysis mode discussed here. As
we demonstrate in section V, these factors mean that
XENON1T is already able to detect neutrinos from a SN
up to 25 kpc at a significance of more than 5σ.
To forecast the signal that is expected from SN neutri-
nos in forthcoming xenon detectors, we adopt inputs of
four hydrodynamical SN simulations from the Garching
group [3, 42] that differ in the progenitor’s mass and nu-
clear equation of state in such a way as to provide a rea-
sonable estimate of the signal band. The neutrino prop-
erties for the adopted progenitor models are introduced in
section II. In section III, for the first time, we accurately
simulate the expected signal in terms of the measured
quantities in dual-phase xenon experiments (scintillation
photons and ionization electrons). In section IV, we dis-
cuss the advantages of a dual-phase xenon detector in the
observation of SN neutrinos (the low-energy sensitivity
of the proportional-scintillation-signal analysis mode) as
well as the expected backgrounds and achievable thresh-
old. Section V contains our main physics results. We
discuss the detection significance of SN neutrinos with
future-generation xenon detectors, the reconstruction of
the SN neutrino light curve as well as the average neu-
trino energy and the total explosion energy. Uncertain-
ties related to the detector modeling are outlined in sec-
tion VI. Finally, in section VII, we present our conclu-
sions.
II. SUPERNOVA NEUTRINO EMISSION
In order to forecast the expected recoil signal in a
xenon detector, we require the differential flux of the νe,
ν¯e and νx neutrinos as a function of time and energy. The
differential flux for each neutrino flavour νβ at a time tpb
after the SN core bounce for a SN at a distance d is
parametrized by
f0νβ (E, tpb) =
Lνβ (tpb)
4pid2
ϕνβ (E, tpb)
〈Eνβ (tpb)〉
, (1)
where Lνβ (tpb) is the νβ luminosity, 〈Eνβ (tpb)〉 is the
mean energy, and ϕνβ (E, tpb) is the neutrino energy dis-
tribution. The neutrino energy distribution is defined
in [43, 44] as
ϕνβ (E, tpb) = ξβ(tpb)
(
E
〈Eνβ (tpb)〉
)αβ(tpb)
× exp
[
− (αβ(tpb) + 1)E〈Eνβ (tpb)〉
]
.
(2)
The fit parameter αβ(tpb) satisfies the relation
〈Eνβ (tpb)2〉
〈Eνβ (tpb)〉2
=
2 + αβ(tpb)
1 + αβ(tpb)
, (3)
while ξβ(tpb) is a normalization factor defined such that∫
dE ϕνβ (E, tpb) = 1. In the following, we show results
for a benchmark distance of d = 10 kpc for the Galac-
tic SN.
A. Supernova neutrino emission properties
The neutrino emission properties that we adopt are
from the one-dimensional (1D) spherically symmetric SN
hydrodynamical simulations by the Garching group [3,
42, 45]. More recent three-dimensional (3D) SN simula-
tions exhibit hydrodynamical instabilities such as large-
scale convective overturns and the standing accretion
shock instability (SASI) that are responsible for charac-
teristic modulations in the neutrino signal not observable
in 1D SN simulations [1, 46–49]. However, as in this pa-
per we are interested in the general qualitative behaviour
of the SN neutrino event rate in a xenon detector, we can
safely neglect these effects and adopt the outputs from
1D spherically symmetric SN simulations.
To investigate the variability of the expected signal as
a function of the progenitor mass, we use the neutrino
emission properties from the hydrodynamical simulations
of two SN progenitors with masses of 11.2M and 27M.
We also consider the dependence of the expected event
rates on the nuclear equation of state (EoS) by adopting,
for each SN progenitor, simulations obtained from the
Lattimer and Swesty EoS [50] with a nuclear incompress-
ibility modulus of K = 220 MeV (LS220 EoS) and the
Shen EoS [51]. These four progenitors provide a gauge of
the astrophysical variability of the expected recoil signal.
Figure 1 displays the neutrino luminosities (top pan-
els) and mean energies (bottom panels) of all neutrino
flavours (νe, ν¯e and νx) as a function of the post-bounce
time in the observer frame for the 27 M and 11 M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FIG. 1: The upper and lower panels show the neutrino luminosity Lνβ and mean energy 〈Eνβ 〉, respectively, as a function of the
post-bounce time tpb for the 11 M (in blue) and 27 M (in red) SN progenitors with the LS220 EoS for νe (continuous lines),
ν¯e (dashed lines) and νx (dot-dashed lines). The panels on the left show the neutrino properties during the neutronization
burst phase, the middle panes refer to the accretion phase, and panels on the right describe the Kelvin-Helmholtz cooling
phase. The differences in the neutrino properties from different progenitors during the neutronization burst are small, but they
become considerable at later times. The variation of the neutrino properties owing to a different nuclear EoS is smaller than
the differences from a different progenitor mass, so for clarity, the progenitors with the Shen EoS are not shown here.
SN progenitors with the LS220 EoS. The variation of the
neutrino properties owing to a different nuclear EoS is
smaller than the differences shown here from the differ-
ent progenitor mass. The neutrino signal emitted from
a SN explosion lasts for more than 10 s but, as Fig. 1
demonstrates, the luminosity drops considerably after a
few seconds. Therefore, in this paper, we focus on the
initial 7 s of the neutrino signal after the core bounce.
The left, middle, and right panels of Fig. 1 show the
three main phases of the SN neutrino signal: the neu-
tronization burst, the accretion phase, and the Kelvin-
Helmholtz cooling phase, respectively. The neutroniza-
tion burst originates while the shock wave is moving out-
wards through the iron core. Free protons and neutrons
are released as the shock wave dissociates iron nuclei.
Consequently, rapid electron capture by nuclei and free
protons produces a large νe burst. As evident from the
top left panel in Fig. 1, the width and amplitude of
the νe luminosity during the neutronization burst are ap-
proximately independent of the SN progenitor mass and
EoS [52, 53]. Generally, the νx luminosity rises more
quickly than that of ν¯e during the first 10–20 ms of the
signal due to the high abundance of νe and electrons,
which suppress the rapid production of ν¯e.
The accretion phase is shown in the middle panels of
Fig. 1. During this phase, the SN shock loses energy
while moving outward and dissociating iron nuclei until
it stalls at a radius of about 100–200 km. According to
the delayed-neutrino SN explosion mechanism [54, 55],
neutrinos provide additional energy to the shock to re-
vive it after tens to hundreds of milliseconds and finally
trigger the explosion. As the in-falling material accretes
onto the core, it is heated, and the subsequent e+e− an-
nihilation produces neutrinos of all flavours. Due to the
high abundance of νe during the neutronization burst,
the production of ν¯e and νx is initially suppressed. The
production of ν¯e increases as the capture of electrons and
positrons on free nucleons starts to become more efficient.
The non-electron neutrinos remain less abundant as they
can only be produced via neutral-current interactions.
The explosion of 1D SN simulations may require an
artificial initiation, especially for more massive progen-
itors. In the simulation shown in Fig. 1, the explosion
was triggered at tpb ' 0.5 s. After this, the Kelvin-
Helmholtz cooling phase of the newly born neutron star
begins. As shown in the right panel of Fig. 1, the neutrino
4luminosities gradually decrease as the proto-neutron star
cools and de-leptonizes. As the explosion is artificially
triggered in these simulations, the exact transition time
from the accretion to the Kelvin-Helmholtz cooling phase
should be taken with caution. The neutrino signal during
this phase is sensitive to the progenitor mass and the EoS.
In fact, while the differences among the neutrino proper-
ties from different progenitors during the neutronization
burst are small, at later times they become considerable.
B. Neutrino flavour conversion
The neutrino transport in SN hydrodynamical simula-
tions is solved within the weak-interaction basis for all
three neutrino flavours. Neutrinos oscillate while they
are propagating through the stellar envelope as well as
on their way to Earth. This affects the neutrino flavour
distribution detected on Earth. In particular, neutri-
nos undergo the Mikheev-Smirnov-Wolfenstein (MSW)
effect [56–58], which affects the survival probability of
each neutrino flavour according to the adiabaticity of the
matter profile. The MSW effect could be modified by tur-
bulence or significant stochastic fluctuations in the stellar
matter density (see e.g. [59–62]). In addition, neutrino–
neutrino interactions are believed to be important and
can affect the neutrino flavour evolution and therefore
the expected energy distribution [3, 4, 63].
For our purpose, however, the details of the oscillation
physics are not important. This is because CEνNS is
sensitive to all neutrino flavours and the total neutrino
flux is conserved. Hence, the same total flux produced at
the SN core will reach the detector on Earth.
Non-standard physics may lead to situations where
the total flux is not conserved, such as a scenario with
light sterile neutrinos [5, 6, 64, 65], non-standard neu-
trino interactions [7, 8, 66], or light dark matter parti-
cles [9, 67, 68]. All of these cases affect the heating of
the star, implying that the total neutrino flux reaching
the Earth could be different from the total neutrino flux
at the neutrinosphere. In this paper, we do not consider
these scenarios further but focus on the Standard Model
scenario.
III. SUPERNOVA NEUTRINO SCATTERING
WITH DUAL-PHASE XENON DETECTORS
With the launch of the XENON1T experiment [39],
which contains two tonnes of instrumented xenon, di-
rect detection dark matter searches have entered the
era of tonne-scale targets. The detection principle
of this experiment is similar to smaller predecessors,
including LUX [69], PandaX [70], XENON100 [71],
XENON10 [72], and the three ZEPLIN experiments [73–
75]. Future experiments using the same technology in-
clude XENONnT [76] and LZ [40] with each planning
for approximately seven tonnes of instrumented xenon.
The DARWIN consortium [41, 77, 78] is investigating an
even larger experiment to succeed XENONnT and LZ
with approximately 40 tonnes of instrumented xenon. In
principle, the technology can be extended to even larger
detectors at comparatively modest cost.
These experiments consist of a dual-phase cylindrical
time projection chamber (TPC) filled primarily with liq-
uid xenon and a gaseous xenon phase on top. The energy
deposited by an incident particle in the instrumented
volume produces two measurable signals, called the S1
and S2 signals, respectively, from which the energy de-
position can be reconstructed. An energy deposition in
the liquid xenon creates excited and ionized xenon atoms,
and the prompt de-excitation of excited molecular states
yields the S1 (or prompt scintillation) signal. An electric
drift field of size O(1) kV/cm draws the ionization elec-
trons to the liquid-gas interface. A second electric field of
size O(10) kV/cm extracts the ionization electrons from
the liquid to the gas. Within the gas phase, these ex-
tracted electrons collide with xenon atoms to produce
the S2 (or proportional scintillation) signal. The S1 and
S2 signals are observed with two arrays of photomulti-
plier tubes (PMTs) situated at the top and bottom of
the TPC. A measurement of both the S1 and S2 sig-
nals allows for a full 3D reconstruction of the position of
the energy deposition in the TPC. In typical dark mat-
ter searches, only an inner volume of the xenon target is
used to search for dark matter (the “fiducial volume”),
but the background rate for the duration of the SN sig-
nal is sufficiently small such that all of the instrumented
xenon can be used to search for SN neutrino scattering
(see section IV for further discussion). In the following,
we will thus always refer to the instrumented volume.
The general expression for the differential scattering
rate dR in terms of the observable S1 and S2 signals for
a perfectly efficient detector is
d2R
dS1dS2
=
∫
dtpbdER pdf (S1,S2|ER) d
2R
dERdtpb
. (4)
The differential rate is an integral over the time-period
of the SN neutrino signal, expressed in terms of the post-
bounce time tpb, and an integral over the recoil energy ER
of the xenon nucleus. The differential scattering rate in
terms of ER is convolved with the probability density
function (pdf) to obtain S1 and S2 signals for a given
energy deposition ER. In subsections III A and III B,
we describe the procedure to calculate d2R/dERdtpb
and pdf(S1,S2|ER) respectively. Subsequently, in sub-
section III C, we present the expected neutrino-induced
scattering rates in terms of the S1 and S2 observable
quantities.
Before moving on, we briefly comment on single-phase
xenon experiments, such as XMASS [79], which only have
the liquid phase. The absence of the gas-phase implies
that there is no S2 signal, so any generated ionization
only adds to the S1 signal. Thus, the instrument is
more sensitive in S1 but lacks the inherent amplification
of the S2 signal using proportional scintillation. Ulti-
5mately, due to quantum efficiencies of photon detection
and some sources of background, single-phase detectors
have a higher energy threshold compared to dual-phase
detectors. As we demonstrate in the next subsection,
the recoil spectrum increases rapidly at low energies; so,
dual-phase experiments are significantly more sensitive to
SN neutrinos. For this reason, we do not consider single-
phase detectors and refer the reader to the literature for
further discussion [37].
A. Scattering rates in terms of recoil energy
The interaction of a SN neutrino with a xenon nu-
cleus through CEνNS causes the nucleus to recoil with
energy ER. The differential scattering rate in terms of ER
is given by
d2R
dERdtpb
=
∑
νβ
NXe
∫
Eminν
dEν f
0
νβ
(Eν , tpb)
dσ
dER
, (5)
where the sum is over all six neutrino flavours, NXe '
4.60×1027 is the number of xenon nuclei per tonne of liq-
uid xenon, Eminν '
√
mNER/2 is the minimum neutrino
energy required to induce a xenon recoil with energy ER,
mN is the mass of the xenon nucleus, and f
0
νβ
(Eν , tpb) is
as defined in Eq. (1). Finally, dσ/dER is the coherent
elastic neutrino-nucleus scattering cross-section [10],
dσ
dER
=
G2FmN
4pi
Q2W
(
1− mNER
2E2ν
)
F 2(ER) , (6)
where GF is the Fermi constant, QW = N − (1 −
4 sin2 θW )Z is the weak nuclear hypercharge of a nucleus
with N neutrons and Z protons, sin2 θW ' 0.2386 is the
weak mixing angle at small momentum transfer [80], and
F (ER) is the nuclear form factor. For xenon, the Helm
form factor provides an excellent parametrization for the
small values of ER induced by CEνNS with which we are
concerned [81],
F (ER) =
3j1(qrn)
qrn
exp
(
− (qs)
2
2
)
, (7)
where q2 = 2mNER is the squared momentum trans-
fer, s = 0.9 fm is the nuclear skin thickness, r2n =
c2 + 73pi
2a2 − 5s2 is the nuclear radius parameter, c =
1.23A1/3 − 0.60 fm, a = 0.52 fm, A is the atomic number
of xenon, and j1(qrn) is the spherical Bessel function.
The differential scattering rates dR/dER as a function
of the xenon recoil energy ER for the four progenitor
models are shown in the upper panel of Fig. 2 for tpb
integrated over [0, 7] s. As evident in all of this figure’s
panels, the event rate is larger for the 27 M SN pro-
genitors, while there is a smaller difference owing to the
different equations of state, with the LS220 EoS resulting
in a slightly larger predicted event rate.
The middle panel of Fig. 2 shows the differential scat-
tering rate dR/dtpb as a function of the post-bounce
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FIG. 2: The upper panel shows the expected differential re-
coil spectrum dR/dER as a function of the recoil energy ER.
The differential rate dR/dtpb as a function of the post-bounce
time tpb is plotted in the middle panel. The lower panel rep-
resents the number of observable events R as a function of the
detector’s energy threshold Eth. All panels show results for
11 M and 27 M progenitors with LS220 and Shen EoSs for
a SN at 10 kpc. In the upper and lower panels, the neutrino
flux is integrated over [0, 7] s after the core bounce, while the
middle panel assumes Eth = 0 keV. All panels show that the
event rate is larger for the 27 M SN progenitors while the
LS220 EoS results in an O(25%) larger rate than the Shen
EoS. Note that these rates are not directly observable since it
is S1 and S2 that is measured, rather than ER.
6time ttb for the four progenitor models. In this figure,
we have integrated over the recoil energy, assuming an
idealistic threshold energy Eth = 0 keV. The qualita-
tive behaviour is similar for other threshold energies al-
though the rate is smaller. The differential scattering
rates among the different SN progenitors are compara-
ble for tpb . 10−2 s, reflecting the similarities of the
neutrino emission properties during the neutronization
burst (cf. left panels of Fig. 1). As the post-bounce
time increases, the differences among the differential
rates become larger. Most of the scattering events oc-
cur for tpb . 1 s.
The total number of events observed by an experiment
is determined by integrating the differential scattering
rate above a given energy threshold Eth over the full
time period of the SN burst. These integrated spectra
are shown in the lower panel of Fig. 2. Again, we see
that the number of signal events is about twice as large
for the 27M SN progenitors, while there is O(25%) dif-
ference owing to the different equation of state. The total
number of events drops quickly as Eth increases, demon-
strating the importance of pushing Eth as low as possible.
However, as ER is not directly measurable, these rates are
not directly observable. Therefore, a careful treatment is
needed to discuss the rates in terms of S1 and S2 signals
instead.
Besides scattering off xenon nuclei, neutrinos can also
scatter off electrons in the xenon atom. We neglect the
latter interaction as the rate of electron recoils is very
small, approximately 10−5 counts/tonne, compared to
the rate of approximately 10 counts/tonne for recoils with
a xenon nucleus.
B. Generation of the observable S1 and S2 signals
To convert the nuclear recoil energy ER induced by a
SN neutrino into the S1 and S2 signals, we perform a
Monte Carlo simulation of a xenon TPC following the
method employed by the XENON1T collaboration [39].
In this subsection, we discuss the technical details of our
Monte Carlo simulation.
The S1 and S2 signals are directly proportional to the
number of scintillation photons Nph and ionization elec-
trons Nel, respectively. The mean numbers of photons
and electrons are modeled as
〈Nph〉 = ER Ly(ER) , (8)
〈Nel〉 = ER Qy(ER) , (9)
where both the photon yield, Ly, and electron yield, Qy,
are functions of ER. We use the emission model devel-
oped by the LUX collaboration with data from an in situ
nuclear recoil calibration [82]. We ignore the small effects
that may arise from having different drift fields [83–85]
across the various detectors. The quantities Qy and Ly
have been directly measured down to an energy of 0.7keV
and 1.1 keV, respectively [82]. Unless otherwise stated,
we assume that Qy and Ly are zero below 0.7keV. Hence,
our rate predictions tend to be conservative, and we dis-
cuss the impact of this assumption in section VI.
In a realistic detector, we must account for quantum
and statistical fluctuations. Part of the nuclear recoil
energy is lost to heat dissipation. Therefore, the number
of scintillation photons and ionization electrons that are
produced by the xenon target, NNRQ = Nph + Nel, is
only a fraction of the total number of quanta produced
by an electronic recoil at the same energy. In electronic
recoils, the energy lost to heat is negligible and 〈NQ〉 =
ER/13.7 eV is the total number of quanta available [86,
87]. We model the intrinsic fluctuation in NNRQ with a
Binomial distribution characterized by a trial factor 〈NQ〉
and probability fNR = 〈NNRQ 〉/〈NQ〉,
NNRQ = Binomial(〈NQ〉, fNR) . (10)
In addition to the intrinsic fluctuation in NNRQ , the frac-
tion of quanta that is emitted as scintillation photons
also fluctuates. We model this with a second Bino-
mial distribution with trial factor NNRQ and probability
fph = 〈Nph〉/〈NNRQ 〉:
Nph = Binomial(N
NR
Q , fph) . (11)
By conservation of the number of quanta, we have that
the number of electrons is simply Nel = N
NR
Q −Nph.
Next, we consider detector-specific fluctuations as we
convert the number of generated scintillation photons
and ionization electrons into observed S1 and S2 signals.
Both S1 and S2 are measured in photoelectrons (PE). For
the S1 signal, the number of detected photoelectrons is
NPE = Binomial(Nph, fPE) , (12)
where fPE is the photon detection efficiency (also referred
to as g1 or 1 in other studies [78, 82]). LUX calibra-
tion measurements indicate that fPE ' 0.12 [82] and
simulations of the XENON1T detector predict a similar
value [39]; we assume that fPE ' 0.12 for all other de-
tectors, as well. This efficiency may be optimistic for de-
tectors that are much larger than XENON1T since the
geometry of larger detectors generally means that fPE
decreases. However, as we discuss in section IV, the S1
signal is less important than the S2 signal such that this
assumption does not affect our conclusions.
Finally, for the S1 signal, we must account for the re-
sponse of a PMT, which is modeled with a Gaussian dis-
tribution
S1 = Gauss(NPE, 0.4
√
NPE) . (13)
To obtain the S2 signal, we must account for the loss
of ionization electrons due to electronegative impurities
in the liquid as they drift toward the liquid-gas interface.
This attenuation is represented by the electron survival
probability
psur = exp
[
−∆z
vdτ
]
, (14)
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FIG. 3: The left and right panels show the differential rates of the four SN progenitors in terms of the observable S1 and S2
signals, respectively. We have integrated the neutrino flux over the first 7 s after the core bounce and assumed that the SN
burst occurs 10 kpc from Earth. Note that the axes in the right panel have units of 100 PE compared to PE in the left panel
meaning that the S2 signal is generally larger than the S1 signal. The light and charge yields, Ly and Qy, respectively, have
been set to zero below recoil energies of 0.7 keV. Integrated rates are given in Table I.
where ∆z is the distance an electron traverses, τ is the
so-called electron lifetime in the liquid and vd is the elec-
tron drift velocity. The value measured in XENON100
was vd ' 1.7 mm/µs [88] and we assume this value for
all other detectors (cf. [89]). The electron lifetime in the
liquid is in general a detector-dependent parameter. For
the purpose of this study, we therefore assume that ∆z/τ
is distributed uniformly over [0, 2/3] mm/µs and that it
holds for all of the detector sizes that we consider. This
condition means that, as detectors become larger, their
purity increases proportionally to meet or exceed this
requirement. For XENON1T (LZ), the maximum drift
length ∆zmax ' 967 (1300) mm implies that the electron
lifetime is at least τ ' 1450 (1950) µs, which is straight-
forward to achieve [40].
The number of ionization electrons that reach the
liquid-gas interface is
N˜el = Binomial(Nel, psur) , (15)
and we assume that the extraction efficiency from the
liquid into gas is 100%. Finally, the extracted electrons
are accelerated by a strong electric field in the gas phase
and induce an S2 signal that is modeled with a Gaussian
distribution:
S2 = Gauss(20 N˜el, 7
√
N˜el) . (16)
We have conservatively assumed that the average yield
for each extracted electron is 20 PE, but the yield could
be higher. For example, the LZ design goal is 50 PE per
electron [40].
C. Observable scattering rates
Now that we have given expressions for dR/dER and
detailed our procedure for generating the S1 and S2 sig-
nals, it is straightforward to use Eq. (4) to calculate the
differential rates dR/dS1 and dR/dS2. These rates are
shown in the left and right panels of Fig. 3, respectively,
where we have integrated tpb over [0, 7] s and assumed
that Ly and Qy are zero below 0.7 keV, as discussed in
the previous subsection. In the left panel, we have inte-
grated over all S2 values by assuming an S2 threshold of
zero, while the S1 signal has been integrated with an S1
threshold of zero in the right panel. Similar to the previ-
ous figures, the differential rates are highest for the 27M
SN progenitors and for the LS220 EoS. Comparing the
two panels, it is apparent that the S2 signal is gener-
ally larger than the S1 signal (note that the axes in the
right panel have units 100 PE compared to PE in the left
panel). The left panel shows that the differential rate has
peaks at integer multiples of 1 PE. A similar behaviour
is also present in the right panel, although the effect is
smaller and the peaks appear at multiples of 20 PE, the
average number of photoelectrons generated for each ex-
tracted electron, cf. Eq. (16) (see also Fig. 9 where the
effect is more apparent). The roll-off in dR/dS2 below
approximately 100 PE (right panel) is a result of the as-
sumption that Qy is zero below 0.7 keV. In section VI,
we show that this assumption does not have a significant
impact on our results.
Table I lists the total number of expected events per
tonne of xenon target for various values of the S1 and S2
thresholds. For the listed S1 thresholds, we have inte-
grated over all S2 values, and vice versa for the listed
S2 thresholds. The S2 thresholds are given as multiples
of 20 PE, the average number of detected photoelectrons
for each extracted electron. The second column lists the
mean number of primary photons and electrons required
to produce an S1 and S2 signal for the listed thresh-
olds, calculated with the relations 〈S1〉 = fPE〈Nph〉 and
〈S2〉 = 20〈psur〉〈Nel〉 (we quote the raw S2 value, rather
than the position corrected value). The number of events
8TABLE I: Expected number of SN neutrino events per tonne
of xenon target above various S1 and S2 thresholds. The SN
burst occurs at 10 kpc from Earth and the neutrino flux has
been integrated over the first 7 s after the core bounce. The
light and charge yields, Ly and Qy, respectively, have been set
to zero below recoil energies of 0.7keV. The number of events,
for the case in which the threshold includes 0 PE (‘≥ 0’) and
when it does not (‘> 0’), have been separated to show that
many of the events have an S1 or S2 signal that is exactly zero.
The symbol (?) indicates the most likely threshold values (see
discussion in sections IV and VI for details). An S2-only
search for CEνNS from SN neutrinos is optimal as it results
in a higher number of detected events.
27 M 11 M
LS220 Shen LS220 Shen
S1th [PE] 〈Nph〉
≥ 0 0 26.9 21.4 15.1 12.3
> 0 0 13.3 9.8 6.9 5.2
1 8.3 11.0 8.0 5.6 4.1
2 16.7 7.3 5.1 3.6 2.6
3 (?) 25 5.2 3.5 2.4 1.7
S2th [PE] 〈Nel〉
≥ 0 0 26.9 21.4 15.1 12.3
> 0 0 18.5 14.0 9.9 7.6
20 1.2 18.4 14.0 9.8 7.6
40 2.4 18.1 13.7 9.7 7.4
60 (?) 3.6 17.6 13.3 9.4 7.2
80 4.8 17.0 12.8 9.0 6.9
100 6.0 16.3 12.2 8.6 6.5
is reported for our four SN progenitor models located
10 kpc from Earth and for tpb integrated in the range
[0, 7] s. We have separated the number of events for the
case in which the threshold includes 0 PE and when it
does not to show that approximately 50% and 30% of
the events have an S1 or S2 signal that is exactly zero,
respectively, and are therefore not observable even in an
ideal detector. Generally, the number of S2 events is
much higher than the number of S1 events, and the event
rate drops more slowly as the S2 threshold is increased,
compared to an increase in the S1 threshold. This trend
reflects the fact that the S2 signal from low-energy de-
positions is easier to detect in a dual-phase xenon TPC
due to the amplification that is inherent to the process
of proportional scintillation. For example, the mean S1
signal of a 1 keV energy deposition is 〈S1〉 ' 0.5 PE,
while the mean number of electrons and mean S2 signal
are 〈Nel〉 ' 7.4 and 〈S2〉 ' 150 PE, respectively. Since
dual-phase xenon detectors are sensitive to single elec-
trons [90, 91], even very small energy depositions result
in detectable S2 signals.
On the basis of these preliminary results, we show in
the next section that an S2-only analysis is the optimal
channel for detecting CEνNS from SN neutrinos. We
discuss realistic values of the S2 threshold and show that
an S2-only search is not limited by background events.
In section VI, we also show the signal uncertainty is not
a limitation.
IV. S2-ONLY ANALYSIS
The canonical dark matter search in a dual-phase
xenon experiment requires the presence of both an S1 and
an S2 signal. This stipulation reduces the background
rate by two primary means. Firstly, measuring both S1
and S2 enables discriminated between the dominant elec-
tronic recoil backgrounds and the expected nuclear recoil
signal, based on the ratio S2/S1 at a given value of S1.
Secondly, the S1 and S2 signals allow for a 3D reconstruc-
tion of the interaction vertex, based on the time differ-
ence between the S1 and S2 signal events and the PMT
hit pattern. The latter means that events can be selected
from the central region of the detector, where the back-
ground rate is lowest. In these canonical dark matter
searches, which utilize data collected over O(100) days,
the S1 threshold is typically 2 PE or 3 PE, while the S2
threshold is typically ∼ 150 PE (see e.g. [82, 92, 93]).
For SN neutrinos though, the brevity of the O(10) s
burst enables the signal to be discrimination from back-
ground based on the timing information rather than the
charge-to-light ratio. Although the requirement of de-
tecting both an S1 and an S2 signal has the effect of fur-
ther reducing the background rate, it also significantly
reduces the signal rate, especially for processes such as
SN neutrino scattering where the nuclear recoil energy
is small [94–99]. For example, for S2th = 60 PE and
any value of S1 (including no S1 signal), the number of
SN neutrino events for the 27 M SN progenitor with
the LS220 EoS is 17.6 events/tonne. However, when ad-
ditionally requiring an S1 signal with S1th = 2 PE, the
number of events drops to only 7.2 events/tonne. Requir-
ing both an S1 and an S2 signal therefore significantly
reduces the rate of CEνNS compared to an S2-only anal-
ysis.
We now show that, for a SN burst, the expected back-
ground rate in a tonne-scale detector is small enough
such that an S2-only analysis does not require the ad-
ditional discrimination capabilities otherwise afforded by
the S1 signal. Although the low-energy S2 background
in dual-phase xenon experiments is not yet fully under-
stood, the dominant contribution is believed to arise from
photoionization of impurities in the liquid xenon and the
metal surfaces in the TPC [91], caused by the relatively
high energy of the 7-eV xenon scintillation photons. An-
other background contribution may be from delayed ex-
traction of electrons from the liquid to gas-phase [90].
Such processes create clusters of single-electron S2 sig-
nals and, occasionally, these single-electron signals over-
lap and appear as a single S2 signal from multiple elec-
trons. The resultant low-energy background S2 signals
are very similar to those expected in the case of a SN
neutrino interaction. The background rate for these lone-
9S2 events has been characterized by XENON10 [95, 99]
and XENON100 [100], which found background rates of
approximately 2.3×10−2 and 1.4×10−2 events/tonne/s,
respectively. These rates are consistent with the general
expectation that the S2-only background rate is inde-
pendent of the detector size. Based on these measure-
ments, we therefore assume that the average background
rate in XENON1T and future detectors will lie in the
range (1.4−2.3)×10−2 events/tonne/s. This background
rate corresponds to 0.1−0.2 events/tonne during the ini-
tial 7 s of the SN signal, which is at least a factor of 40
smaller than the signal rate from the 11 M with Shen
EoS progenitor, the smallest rate in Table I (assuming
S2th = 60 PE). Additionally, it is worth recalling that
the background signal grows linearly in time, whereas the
SN neutrino signal does not, resulting in an even better
signal-to-background ratio in the early times of the SN
burst.
Finally, we motivate an appropriate choice of the S2
threshold. This threshold is largely determined by two
factors. The first is the ‘trigger-efficiency’ for an experi-
ment to detect an S2 signal. For XENON10, the trigger-
efficiency was 50% for S2 ' 20 PE and reached 100% for
S2 ' 30 PE [99], while for XENON100, it was 50% for
S2 ' 60 PE and reached 100% for S2 ' 140 PE [88].
Values have not yet been reported for LUX. The trigger
system for XENON1T has been significantly upgraded
relative to XENON100 and is expected to lead to an
improvement in the trigger-efficiency. Therefore, while
the trigger-efficiency does vary between different exper-
iments, here we assume a benchmark value of S2th =
60 PE and make the simplifying assumption that the
trigger-efficiency is 100% above this value. This bench-
mark value is consistent with the threshold in the sen-
sitivity studies of LZ, where it was assumed that the
S2-only threshold is 2.5 extracted electrons [40], corre-
sponding to S2th = 50 PE with an average of 20 PE per
extracted electron (and ignoring the small loss owing to
the finite electron lifetime).
The second consideration when deciding S2th is the sig-
nal uncertainty induced by the choice of the electron yield
Qy (cf. Eq. (9) for where it enters our analysis). We post-
pone a full discussion of this uncertainty until section VI
and, for now, simply state that the signal uncertainty
from Qy is smaller than 10% when S2th = 60 PE. This
is appreciably smaller than the ∼ 25% variation for the
LS220 and Shen EoS for the same progenitor mass as well
as the approximate factor-of-two difference for different
progenitor masses; so, this uncertainty should only have
a small effect on our results.
For all of the reasons outlined above, our main results
have been obtained by adopting an S2-only analysis with
S2th = 60 PE. Figure 4 displays the expected number
of SN neutrino events from an S2-only analysis with this
threshold for the three detectors and four SN progenitors
that we consider in this study. Finally, since the back-
ground rate is significantly smaller than the signal rate,
we ignore it in section V unless stated otherwise.
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FIG. 4: The expected number of SN neutrino events from an
S2-only analysis with a threshold of 60 PE for a SN burst at
10 kpc from Earth. The different colours refer to XENON1T
(red), XENONnT and LZ (blue), and DARWIN (green) de-
tectors. For each detector, the number of events is shown for
the four SN progenitors that we consider in this study.
V. SUPERNOVA NEUTRINO DETECTION
In this section, we calculate the discovery potential of
an S2-only search for SN neutrinos as a function of the SN
distance and discuss the discrimination power of xenon
detectors with respect to the SN progenitor. We then
show that it is possible to reconstruct the SN neutrino
light curve and, therefore, to discriminate among the dif-
ferent phases of the neutrino signal. Furthermore, we
demonstrate that xenon detectors can reconstruct both
the neutrino differential spectrum and the total energy
emitted by the SN into all flavours of neutrinos. Finally,
we present a concise comparison of the performance of
xenon detectors with dedicated neutrino detectors.
A. Detection significance
We first investigate the sensitivity of present and up-
coming xenon detectors to a SN burst as a function of the
SN distance from Earth. Figure 5 shows the SN burst de-
tection significance as a function of the SN distance from
Earth for the 27 M progenitor with LS220 EoS. We see
that XENON1T will be able to detect this SN burst at
more than 5σ significance up to 25 kpc from Earth, while
XENONnT and LZ will make at least a 5σ discovery any-
where in the Milky Way. DARWIN’s much larger target
mass will extend the sensitivity to a 5σ discovery past
the Large Magellanic Cloud (LMC) and the Small Mag-
ellanic Cloud (SMC).
In this figure, the SN signal has been integrated over
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FIG. 5: The detection significance is given as a function of
the SN distance for a 27 M progenitor with LS220 EoS.
The SN signal has been integrated over [0, 7] s. The different
bands refer to XENON1T (red), XENONnT and LZ (blue),
and DARWIN (green). The band width reflects uncertainties
from our estimates for the background rate, discussed in sec-
tion IV. The vertical dotted lines mark the centre and edge
of the Milky Way as well as the Large and Small Magellanic
Clouds (LMC and SMC, respectively). For this SN progeni-
tor, XENONnT/LZ could make at least a 5σ discovery of the
neutrinos from a SN explosion anywhere in the Milky Way.
DARWIN extends the sensitivity beyond the SMC.
the first 7 seconds after the core bounce. We calcu-
late the detection significance following the likelihood-
based test for the discovery of a positive signal described
in [101]. Our null hypothesis is that the observed events
are only due to the background processes described in
section IV, while our alternative hypothesis is that the
observed events are due to both the background processes
and from SN neutrino scattering. A detection signifi-
cance of 5σ means that we reject the background-only
hypothesis at this significance, which we therefore regard
as a 5σ discovery of the SN neutrino signal. The bands in
Fig. 5 show the detection significance for a background
rate spanning the range (1.4−2.3)×10−2 events/tonne/s,
our assumption for the background rate discussed in sec-
tion IV, based on the measured rates in XENON10 and
XENON100.
Figure 5 shows the detection significance for the 27M
LS220 EoS progenitor, which gives the highest event rate
among the four progenitors that we consider. However,
from this figure and Table I, it is straightforward to cal-
culate the detection significance for the other progeni-
tors. The expected number of events simply scales with
the inverse square of the SN distance, which implies that
the distance d2|nσ for an nσ detection of an alternative
SN progenitor is related to the distance d27,LS220|nσ for
an nσ detection of the 27 M LS220 EoS progenitor
by d2|nσ = d27,LS220|nσ
√
events2/events27,LS220. Here
‘events’ is simply the number of events calculated from
the S2th = 60 PE row in Table I (which gives the number
of events per tonne and thus must be multiplied by the
detector size). With this formula, we estimate that the
SN burst from the 11 M, Shen EoS progenitor can be
detected at 5σ significance at 16 kpc, 26 kpc and 44 kpc
from Earth for XENON1T, XENONnT/LZ and DAR-
WIN, respectively.
B. Distinguishing between supernova progenitors
Besides spotting a SN burst, we are also interested in
investigating whether dual-phase xenon detectors could
help us to constrain the SN progenitor physics and the
neutrino properties. Given the sensitivity of xenon de-
tectors to SN neutrinos and the expected insignificant
background, detection should allow the progenitor mass
to be discerned. With the neutrino flux from only four
progenitor models, we cannot perform a detailed study
of the precision with which the progenitor mass could
be reconstructed. However, we can make some general
statements on the performance of the different xenon ex-
periments.
For a SN at 10 kpc, the expected numbers of events in
XENON1T, XENONnT/LZ and DARWIN for the 27M
LS220 EoS progenitor are 35, 123 and 704, respectively,
which are 3.8σ, 7.1σ and 16.9σ higher than the 11 M
LS220 EoS progenitor, where the expectations are 19, 66
and 376 events. This demonstrates that when the SN
distance is well known, DARWIN will be able to discern
between these progenitor masses with a high degree of
certainty, while even XENON1T’s ability will be reason-
ably good.
C. Reconstructing the supernova neutrino light
curve
We now discuss the reconstruction of the SN neutrino
light curve from a Galactic SN burst. Figure 6 shows the
neutrino event rate for the most optimistic of the four
SN progenitors (27 M with LS220 EoS) as a function
of the time after the core bounce. The rate has been
obtained for a SN at 10 kpc from Earth by adopting an
S2-only analysis with a benchmark threshold of 60 PE
for XENON1T, XENONnT/LZ and DARWIN. In this
analysis, we neglect the small background rate.
The left panel of Fig. 6 shows the light curve dur-
ing the full time evolution of the SN burst with 500 ms
bins. For a Galactic SN, a detector the size of DARWIN
clearly shows the characteristic behaviour of the Kelvin-
Helmholtz cooling phase where the event rate slowly de-
creases between 1 to 7 s, following the same neutrino lu-
minosity trend (cf. Figs. 1 and 2). This behaviour is
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FIG. 6: Event rate from an S2-only analysis as a function of the post-bounce time for a SN burst at 10 kpc. The event rate
is shown for a 27 M SN progenitor with LS220 EoS for three target masses: 2, 7, and 40 tonnes in red, blue, and green
respectively. The left panel covers the full time evolution with 500ms time bins, including the Kelvin-Helmholtz cooling phase.
The right panel shows the early evolution with 100 ms time bins and focuses on the neutronization and accretion phases.
also partially distinguishable with XENONnT/LZ, albeit
with a smaller significance, and essentially unobservable
with XENON1T where the number of events per bin is
too low.
The right panel of Fig. 6 focuses on the early time
evolution of the SN signal during the neutronization and
the accretion phases of the burst. In this panel, 100 ms
time binning is used. A detector the size of DARWIN
will be able to discern the neutronization peak in the
neutrino signal shown in Fig. 1. However, the neutron-
ization peak cannot be distinguished at a high level of
significance in a seven-tonne or two-tonne detector for
a SN at 10 kpc. We thus conclude that it will be nec-
essary to have a xenon detector with O(40) tonnes of
xenon in order to constrain the SN light curve with high
precision. Such an experiment will be competitive with
existing neutrino telescopes. We stress that the results
shown here are for a SN exploding 10 kpc from Earth.
The DARWIN results shown in Fig. 6 for a SN at 10 kpc
are equivalent to the XENON1T or XENONnT/LZ re-
sults for a SN at 2.2 kpc and 4.2 kpc respectively.
As shown in Figs. 1 and 2, the neutrino signal is al-
most independent of the progenitor mass and the nuclear
EoS for tpb . 10 ms, while, for later times, it depends on
the progenitor properties. Therefore, an accurate mea-
surement of the later-time light curve will tell us about
properties of the SN progenitor, such as its mass and EoS.
The single-flavour light curve, which depends on
the neutrino mass ordering and on flavour oscillation
physics [3], should be accurately reconstructed with tra-
ditional neutrino detectors. The fact that xenon-based
direct detection dark matter experiments are flavour in-
sensitive will allow for the possibility of combining the
all-flavour light curve with results from detectors sensi-
tive to a single-flavour light curve. This complementar-
ity between xenon detectors and traditional neutrino ex-
periments should, therefore, allow for tests of oscillation
physics as well as the possible existence of non-standard
physics scenarios (e.g. [102]). We leave a detailed study
of this feature for future work.
D. Neutrino differential flux
Up to this point, we have extracted information using
the event rate integrated over the S2 range for a given
threshold S2th. However, xenon detectors are also able to
accurately measure the S2 value of an individual event.
For the first time, we investigate the physics that can be
extracted from this spectral information. In particular,
in this subsection, we demonstrate that xenon detectors
can reconstruct the all-flavour neutrino differential flux as
a function of the energy and, in the next subsection, that
the total SN energy emitted into all flavours of neutrinos
can be reconstructed.
The neutrino differential flux, f0νβ (Eν , tpb), defined in
Eq. (1), enters the calculation for the rate of events in
a xenon detector in Eq. (5). From this equation, we see
that it is the time-integrated differential flux summed
over all neutrino flavours that determines the number of
SN neutrino scattering events in a detector. This flux is
typically dominated by the νx flavours, simply because it
contributes four flavours (ν¯µ, νµ, ν¯τ and ντ ) out of the six
flavours that comprise the total flux. We now show that
this flux may be reconstructed. It depends on the SN
progenitor and the time window of the observation and
we would like to reconstruct it by making as few assump-
tions as possible about the initial SN progenitor. We thus
make the following ansatz for the time-integrated differ-
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FIG. 7: The left panel shows the reconstructed average neutrino energy 〈ET 〉 and amplitude parameter AT (green dot-circle)
compared to the true value for the 27 M LS220 EoS progenitor at 10 kpc from Earth integrated between 0.1 s and 1 s (black
triangle). Also shown are the 1σ contours from 2-, 7- and 40-tonne mock experiments following our maximum likelihood (ML)
analysis. The right panel shows the reconstructed neutrino flux as a function of the neutrino energy. The dashed green line
represents the differential flux obtained with the best fit ML estimators and is compared with the true flux, shown by the
dashed black line. Also shown are the 1σ intervals from our 2-, 7- and 40-tonne mock experiments.
ential flux summed over all neutrino flavours:∑
νβ
∫ t2
t1
dtpb f
0
νβ
(Eν , tpb)
≡ AT ξT
(
Eν
〈ET 〉
)αT
exp
(−(1 + αT )Eν
〈ET 〉
)
.
(17)
With this ansatz, we assume that the time-integrated
differential flux can be parametrized with three free pa-
rameters: an amplitude AT , an average energy 〈ET 〉, and
a shape parameter αT . Here, ξT is a normalization pa-
rameter defined such that∫
dEν ξT
(
Eν
〈ET 〉
)αT
exp
(−(1 + αT )Eν
〈ET 〉
)
= 1 . (18)
With these definitions, AT has units of area
−1, αT is di-
mensionless, and 〈ET 〉 has units of energy. As suggested
by our notation, 〈ET 〉 is the average neutrino energy of
the time-integrated flux summed over all flavours.
In practice, however, the shape parameter αT is dif-
ficult to constrain experimentally since it is degenerate
with 〈ET 〉, which also controls the shape of the observed
recoil spectrum i.e. dR/dS2. We therefore make a sim-
plifying assumption motivated by the observation from
SN simulations that the differential neutrino flux can be
approximated by a Fermi-Dirac distribution with zero
chemical potential [43, 44, 103]. For this distribution, the
relation 〈E2〉/〈E〉2 ' 1.3 holds [43], and from Eq. (3), im-
plies αT ' 2.3. This value of αT is fixed in the subsequent
results. This should be a reasonably good approximation
everywhere, except during the very short neutronization
burst phase (tpb . 10 ms), where the spectrum is signif-
icantly pinched with respect to a Fermi-Dirac distribu-
tion [44].
We first consider the reconstruction of the time-
integrated differential flux summed over all neutrino
flavours in the time window [t1, t2] = [0.1, 1] s (cf.
Eq. (17)) for the 27 M LS220 EoS progenitor at 10 kpc
from Earth. This window corresponds to the accretion
phase of the SN burst. To reconstruct AT and 〈ET 〉, we
perform a maximum likelihood (ML) analysis and maxi-
mize the extended likelihood function
lnL(AT , 〈ET 〉) = N lnµ−µ+
N∑
i=1
ln f (S2i; 〈ET 〉) , (19)
where µ = µ(AT , 〈ET 〉) is the mean number of ex-
pected events, N is the observed number of events, and
f(S2i; 〈ET 〉) is the probability density function evaluated
at the S2 value of the ith event.
Figure 7 shows the ML estimators for AT and 〈ET 〉 for
XENON1T, XENONnT/LZ and DARWIN mock exper-
iments, where, by construction, each mock experiment
has the same ML estimators for AT and 〈ET 〉. The N
observed events are randomly drawn from the dR/dS2
spectrum of the 27 M LS220 EoS progenitor at 10 kpc,
integrated from 0.1 s to 1 s. We consider all events in
the S2 range from S2th = 60 PE to S2max = 2000 PE.
For this progenitor and this time window, the mean num-
ber of expected events is 7.0 events/tonne, so N is drawn
from Poisson distributions with means of 14, 49 and 280
events for XENON1T, XENONnT/LZ and DARWIN, re-
spectively.
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The left panel of Fig. 7 shows the best fit ML estima-
tors (green dot-circle) together with the 1σ contours for
XENON1T, XENONnT/LZ and DARWIN. These con-
tours are obtained from the ML by lnL = lnLmax−2.3/2.
The black triangle shows the values of these parameters
from our input SN progenitor. The DARWIN reconstruc-
tion of the parameters is excellent, while the XENON1T
reconstruction has a significantly larger uncertainty. Be-
sides reconstructing AT and 〈ET 〉, an estimation of the
expected νx average energy should be also possible anal-
ogously to what was proposed for neutrino–proton elastic
scattering [11, 32].
The dashed green line in the right panel of Fig. 7 shows
the differential flux obtained with the best-fit ML esti-
mators substituted into Eq. (17). This can be compared
with the true flux from the 27 M LS220 EoS progeni-
tor, which is shown by the dashed black line. The ML
reconstruction is in very good agreement with the true
flux. Also shown are the 1σ intervals. At each value
of the neutrino energy, the intervals were obtained by
propagating all points in the 1σ regions for AT and 〈ET 〉
through Eq. (17) and selecting the maximum and mini-
mum values of the neutrino flux. The right panel demon-
strates that a DARWIN-sized experiment will be capable
of accurately reconstructing the neutrino flux. The er-
rors from XENON1T however are substantial, owing to
the fact that with XENON1T one would observe only 14
events during this time window, compared to 280 with
DARWIN.
E. Total energy emitted into neutrinos
Finally, we show that it is possible to reconstruct the
total energy emitted by neutrinos, which is simply the
luminosity integrated over the duration of the SN burst
(here taken as the first 7s) and summed over all neutrino
flavours. This is related to the free parameters in our
ansatz by (see Eqs. (1) and (17))
Etot =
∑
νβ
∫ 7s
0s
dtpb Lνβ (tpb) = 4pid
2AT 〈ET 〉 . (20)
This relation follows from noting that
AT 〈ET 〉 =
∫
dEν Eν
∑
νβ
∫
dtpbf
0
νβ
(Eν , tpb) , (21)
and using Eq. (1) to express f0νβ (Eν , tpb) in terms
of Lνβ (tpb).
Figure 8 shows the 1σ range of the reconstructed total
energy emitted into neutrinos in 30 mock experiments for
each of XENON1T, XENONnT/LZ and DARWIN. As in
the previous subsection, we use the ML method to find
the estimators of the parameters AT and 〈ET 〉 for the
signal integrated over the first 7 s of a 27 M LS220 EoS
progenitor at 10 kpc from Earth. Then, we calculate Etot
from Eq. (20) and the 1σ range using the propagation
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FIG. 8: The reconstructed 1σ band of the total energy emitted
into neutrinos in 30 mock experiments for each of XENON1T
(red), XENONnT/LZ (blue) and DARWIN (green). The true
value for the 27M LS220 EoS progenitor integrated over the
total time of the SN burst (taken as the first 7 s) is shown by
the dashed vertical line.
TABLE II: The typical precision of the reconstructed total
energy emitted in neutrinos over the first 7 s, assuming our
four SN progenitors situated 10 kpc from Earth, for different
current and upcoming detectors.
27 M 11 M
LS220 Shen LS220 Shen
XENON1T (2t) 20% 25% 30% 36%
XENONnT/LZ (7t) 11% 13% 16% 20%
DARWIN (40t) 5% 6% 7% 9%
of errors as described in [104]. We do not include any
uncertainty on the distance d in our reconstruction.
The dashed vertical line shows the total energy from
the SN simulation of the 27 M LS220 EoS progenitor.
As we would expect, each mock experiment results in a
different mean and variance with the property that the 1σ
region covers the true value in approximately 68% of the
mock experiments. The typical uncertainty on the re-
constructed energy for all four SN progenitors is given in
Table II. This number is the average of the ratio of the
1σ error over the mean for 250 mock experiments. The
uncertainty is smallest for the 27 M LS220 EoS pro-
genitor since it results in the highest number of events,
and is largest for the 11 M Shen EoS progenitor, which
gives the lowest number of events. Unsurprisingly, the er-
rors decrease substantially as the target mass is increased
from 2 tonnes in XENON1T to 40 tonnes in DARWIN.
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However, even XENON1T can give a reasonably precise
estimate of the total energy emitted into neutrinos for
a SN at 10 kpc.
F. Comparison with dedicated neutrino detectors
We briefly compare the expected number of events
of the forthcoming xenon detectors with existing or fu-
ture neutrino detectors (see also Table 1 of [3] for an
overview). For a SN burst at 10 kpc, XENON1T and
XENONnT/LZ will measure approximately 35 and 120
events in total. This is similar to the projected number
of events from neutrino-proton elastic scattering at scin-
tillator detectors [32]. However, it is one order of magni-
tude less than DUNE, which is expected to measure ap-
proximately O(103) events mostly in the νe channel with
a 40-tonne liquid argon detector (see Fig. 5.5 of [25]).
In the ν¯e channel, larger event rates are expected from
IceCube, which should see approximately 106 events (see
Fig. 52 of [18]), Hyper-Kamiokande, which is expected to
measure approximately 105 events (see Fig. 54 of [18]),
and JUNO, which should detect about 6000 events (see
Figs. 4-7 of [21]). The proposed DARWIN direct detec-
tion dark matter detector, with 40 tonnes of liquid xenon,
will measure approximately 700 events for all six flavours,
and is thus starting to be competitive in terms of the
event rate with these dedicated neutrino detectors. Of
course, the quoted numbers depend on different assump-
tions for the adopted SN model and therefore have to be
viewed only as rough estimations of the expected number
of events.
For what concerns the reconstruction of the SN
neutrino light curve, IceCube, Hyper-Kamiokande and
JUNO will all measure many more events [O(104 −
105) events/s] compared to DARWIN, which will see ap-
proximately 330 events during the first second and 370
events in the remainder of the SN burst. Even though
the number of events is smaller for DARWIN, it is impor-
tant to remember that it is sensitive to all six neutrino
flavours, while the existing and planned neutrino detec-
tors are primarily sensitive to a single flavour. Moreover,
as discussed in previous sections, dual-phase xenon de-
tectors will provide us with all-flavour information about
the energetics of the explosion that should be compared
with the flavour-dependent energy spectra possibly re-
constructed, e.g., in JUNO or Hyper-Kamiokande with
high resolution. In this sense, in the event of a SN burst,
a global analysis of the burst with events from all exper-
iments will benefit from the inclusion of DARWIN data
to better constrain the properties of neutrinos and the
SN progenitor.
VI. EXPERIMENTAL FACTORS
In this section, we discuss the uncertainties related
to Qy, the detector performance during calibration pe-
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FIG. 9: Variations in the dR/dS2 differential spectrum un-
der different assumptions for Qy for the 27 M LS220 EoS
progenitor at 10 kpc and integrated over the first 7 s. The
quantity Qy,min is the energy below which Qy = 0 and the
solid, dashed and dotted lines correspond to Qy,min values of
0.1 keV, 0.4 keV and 0.7 keV. The inset shows the Lindhard
and Bezrukov Qy models together with the LUX measure-
ments. The differences in dR/dS2 between the Lindhard and
Bezrukov models are reasonably small compared to the larger
differences from varying Qy,min.
riods, and the eventual pile-up of events that could pre-
vent a clean identification of individual S2 signals if a SN
burst occurred too close to the Earth.
A. Signal uncertainty from Qy
An accurate prediction of the S2 signal relies on knowl-
edge of Qy, the charge yield in liquid xenon, at sub-keV
energies. The LUX collaboration has provided the most
accurate measurement of Qy and has measured it down
to a nuclear recoil energy of 0.7keV. The LUX data points
from [82] are reproduced in the inset of Fig. 9. The
Lindhard model [105] provides a good fit to the mea-
surements and, following the LUX collaboration, is the
default parametrization that we have assumed for ener-
gies above 0.7keV. For energies below this value, we have
conservatively assumed that Qy = 0. In this subsection,
we investigate the uncertainty that this assumption intro-
duces on the number of events observed with a dual-phase
xenon experiment.
In order to extrapolate Qy to the lowest energies, we
use either the Lindhard model or the alternative model
by Bezrukov et. al. [106]. As can be seen in the in-
set of Fig. 9, both the Lindhard and Bezrukov models
fit the data well. We then set Qy to zero below vari-
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TABLE III: The expected number of neutrino events per
tonne for various S2 thresholds under different assumptions
for Qy. We compare the Lindhard and Bezrukov models and
assume that Qy = 0 for energies below Qy,min. The results
are for the 27 M LS220 EoS progenitor at 10 kpc and in-
tegrated over the first 7 s. Similar results hold for other
progenitor models. The signal uncertainty in each row is
(S2max − S2min)/(S2max + S2min). The Lindhard model with
Qy,min = 0.7 keV gives the smallest number of events per
tonne and is the benchmark assumption that we have made
in this paper.
27 M LS220 EoS
Lindhard Qy,min Bezrukov Qy,min Signal
S2th [PE] 0.1 keV 0.7 keV 0.1 keV 0.7 keV uncertainty
20 22.9 18.4 23.8 18.5 13%
40 21.0 18.1 22.2 18.3 10%
60 (?) 19.4 17.6 20.6 17.9 8%
80 18.1 17.0 19.2 17.5 6%
100 16.9 16.3 17.9 16.9 5%
ous values Qy,min. The case of Qy,min = 0.7 keV can
be seen as the minimum predicted signal. At approxi-
mately 0.1keV or below, the Lindhard model is expected
to break down due to atomic effects [107]. We thus also
test Qy,min = 0.1 keV and 0.4 keV, as an intermediate
example.
The main panel of Fig. 9 shows different realizations of
the dR/dS2 spectrum for the 27 M LS220 EoS progen-
itor at 10 kpc integrated over the first 7 s. The spectra
are obtained for the Lindhard and Bezrukov models of
Qy with three values of Qy,min. As expected, the lower
the assumed Qy,min value, the greater the number of sig-
nal electrons that can be detected from low-energy nu-
clear recoils. The differences between the Lindhard and
Bezrukov models for Qy are much smaller than the dif-
ferences from varying Qy,min. For a given Qy,min, the
Lindhard model gives a signal that is shifted to lower
S2 values, which follows from the lower energy yield for
given recoil energy, as seen in the inset of Fig. 9.
Table III shows the total number of expected events
per tonne of xenon target in the various Qy scenarios
considered. The number of events corresponds to the
27 M LS220 EoS SN progenitor at 10 kpc and the
neutrino signal is integrated over 7 s. The final col-
umn in Table III gives an estimate of the signal uncer-
tainty for each S2 threshold, calculated in each row as
(S2max − S2min)/(S2max + S2min). In all cases, the min-
imum number of events per tonne is found for the Lind-
hard model with Qy,min = 0.7 keV, which is the bench-
mark assumption that we have made in all calculations
reported in this paper. The highest number of events is
found for the Bezrukov model with Qy,min = 0.1 keV.
For the 27 M LS220 EoS progenitor and our bench-
mark value S2th = 60 PE, the uncertainty from the Qy
parametrization is around 8%. The signal uncertainties
with this S2 threshold for the other SN progenitors are
similar, with an uncertainty of 9% (9%, 10%) for the
27 M Shen EoS (11 M LS220 EoS, 11 M Shen EoS)
progenitor.
The neutrino flux amplitude and mean energy recon-
struction analyses in section V D may be more adversely
affected by the uncertainty in the charge yield Qy, since
they also take into account the shape of the recoil spec-
trum. The Qy modeling uncertainty could be straight-
forwardly incorporated into a ML analysis (as the Ly, Qy
and Milky Way halo uncertainties are routinely incorpo-
rated into dark matter studies). Here, we simply test a
higher S2 threshold, S2th = 120 PE, to reduce the Qy
modeling uncertainty by repeating our analysis that led
to Fig. 7. In this case, we find similar results as in Fig. 7.
The number of events is reduced from 7.0 events/tonne
to 6.3 events/tonne, which leads to an increase in the 1σ
regions of the mean energy and amplitude by only 13%
and 20% respectively. Thus, the quantitative conclusions
drawn from this analysis are only slightly affected by the
present uncertainty in Qy. Clearly, it would be most de-
sirable to further reduce the Qy uncertainty by having
other low-energy measurements of this quantity.
B. Sources of increased background rates
The low background rates discussed in section IV are
applicable when the detector is in dark matter search
mode. However, in contrast to dedicated SN neutrino
detectors, direct detection dark matter detectors can in
some cases spend half of their time taking calibration
data [108]. Various calibration sources are utilized, from
external Compton or neutron calibrations to radioactive
isotopes that are dissolved directly in the liquid target.
The particular background rate in the S2-only channel
discussed previously can vary significantly during calibra-
tion and may depend on the particular calibration source
employed. However, even with an event rate during cali-
bration two orders of magnitude above the rates during a
dark matter search, the background is still smaller than
the expected signal rates from a Galactic SN.
Another potential source of increased background to
SN signals comes from photoionization on impurities in
the liquid xenon. During the commissioning of a detec-
tor, the purity may be low, and thus the background rate
may be increased. Furthermore, the diminished electron
survival probability from their drift would in effect raise
the S2-based energy threshold, possibly rendering the de-
tector blind to SN events. Since such initial commission-
ing times are supposed to be short, we do not discuss
them further here.
C. Sensitivity limitation from event pile-up
In a xenon TPC, a single SN neutrino scattering event
produces a number of ionization electrons that are drifted
to the gas phase, where the S2 signal is produced from
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proportional scintillation. At a drift velocity of order
2 mm/µs [89], a 1 m high TPC is expected to smear
the arrival times of the electrons by about 250 µs. This
aspect limits the timing resolution of this detection chan-
nel.
To get a better estimate of the maximum number of
SN neutrino events (Npile−up) before pile-up becomes an
issue, we perform a Monte Carlo simulation of the events
in the TPC. Once the electrons are extracted from the
liquid, the observed S2 signal is a pulse with a width
of O(1) µs [88]. To resolve individual events without
the need to use information from the PMT hit pattern,
one S2 pulse should not overlap another S2 pulse. This
will limit the sensitivity of the detector once pile-up be-
comes significant. Motivated by Fig. 8 in [88], we define
events to be well separated if the spacing from the start
of one S2 pulse to the start of the next pulse is more than
10 µs. We randomly distribute events in time according
to the differential time distribution dR/dtpb. We test
both the 27M LS220 EoS and 11M Shen EoS progen-
itors to get an idea about the impact of these models on
our conclusions. As the event rate is highest at the start
of the SN burst (cf. Figs. 1 and 2), we focus on the first
second after the explosion. We then distribute the events
uniformly throughout the TPC and take into account the
time delay as the ionization electrons drift from the in-
teraction site to the liquid-gas interface, assuming the
XENON100 drift velocity vd = 1.7 mm/µs [88]. In each
mock (and real) experiment, the vertex sites, the num-
ber, and the time distribution of the events vary. We
thus use a statistical procedure and define Npile−up to
be the number of events at which 90% of mock experi-
ments observe at least 5% of events with a spacing of less
than 10µs.
We have performed our calculation for three TPC sizes,
967mm, 1450mm and 2600mm, corresponding to the ex-
pected sizes of the XENON1T [39], XENONnT/LZ [40]
and DARWIN TPCs [78]. We find that Npile−up is ap-
proximately independent of these three TPC sizes, vary-
ing by less than 0.2%. For the 27 M LS220 EoS and
11M Shen EoS progenitors, Npile−up = 4810 events and
Npile−up = 4780 events respectively, consistent with our
simple estimate of approximately 250 µs for the timing
resolution.
The maximum number of SN neutrino events, Npile−up,
can be converted into a minimum progenitor distance
from Earth so that pile-up is not an issue. Given that
8.3 events per tonne and 4.1 events per tonne are ex-
pected during the first second for the 27 M LS220 EoS
and 11M Shen EoS progenitors at 10kpc, we find mini-
mum distances of {0.6, 1.1, 2.6}kpc and {0.4, 0.8, 1.8}kpc
for {XENON1T, XENONnT/LZ, DARWIN} for the
27 M LS220 EoS and 11 M Shen EoS progenitors, re-
spectively. A SN explosion that is much closer than these
distances will still be detected by a xenon detector, but
precision studies of the SN neutrino light curve or neu-
trino flux parameters will become degraded as it becomes
difficult to distinguish between individual events.
VII. CONCLUSIONS
With the launch of XENON1T with 2 tonnes of xenon
target, and given the plans for larger experiments em-
ploying the same technology such as XENONnT and LZ
with 7 tonnes and DARWIN with 40 tonnes, we here re-
visited the possibility of detecting a Galactic supernova
(SN) through coherent elastic neutrino-nucleus scatter-
ing (CEνNS) with such dual-phase xenon direct detec-
tion dark matter experiments. In order to gauge the as-
trophysical variability of the expected signal, we studied
the neutrino signal from four hydrodynamical SN simula-
tions, differing in the progenitor mass and nuclear equa-
tion of state. For the first time, we have performed a
realistic detector simulation of SN neutrino scattering,
expressing the scattering rates in terms of the observed
signals S1 (prompt scintillation) and S2 (proportional
scintillation).
We have shown that focusing on the S2 channel maxi-
mizes the number of events that can be detected, thanks
to the lower energy threshold. We have discussed ap-
propriate values of the S2 threshold and proved that the
background rate is negligible compared to the expected
signal. Hence, high-significance discoveries can be ex-
pected. As a concrete example, we have shown that for
a 27 M SN progenitor, the XENON1T experiment will
be able to detect a SN burst with more than 5σ sig-
nificance up to 25 kpc from Earth. Furthermore, the
XENONnT and LZ experiments will extend this sensi-
tivity beyond the edge of the Milky Way, and the DAR-
WIN experiment will be sensitive to SN bursts in the
Large and Small Magellanic Clouds. Due to the low
background rate, these experiments should even be able
to actively contribute to the Supernova Early Warning
System (SNEWS) [109, 110].
For a SN burst at 10kpc, features of the neutrino signal
such as the neutronization burst, accretion phase, and
Kelvin-Helmholtz cooling phase will be distinguishable
with the DARWIN experiment. In addition, with DAR-
WIN it will be possible to make a high-precision recon-
struction of the average neutrino energy and differential
neutrino flux. Since CEνNS is insensitive to the neutrino
flavour, the signal in dual-phase xenon detectors is unaf-
fected by uncertainties from neutrino oscillation physics.
A high-precision measurement of CEνNS from SN neutri-
nos will therefore offer a unique way of testing our under-
standing of the SN explosion mechanism. The sensitivity
to all neutrino flavours also means that it is straightfor-
ward to reconstruct the total energy emitted into neutri-
nos. We have shown that even XENON1T could provide
a reasonably good reconstruction of this energy.
It has already been discussed that a large multi-tonne
xenon detector such as DARWIN would be able to mea-
sure solar neutrino physics [111] and exploit novel dark
matter signals [78, 112, 113]. Here, we have illustrated
that DARWIN will also be able to reconstruct many
properties of SN progenitors and their neutrinos with
high precision. Large dual-phase xenon detectors are
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expected to be less expensive and more compact than
future-generation dedicated neutrino telescopes, encour-
aging the construction of liquid xenon experiments as SN
neutrino detectors. Specifically, DARWIN will allow for
all-flavour event statistics that are competitive with next-
generation liquid argon or scintillation neutrino detec-
tors [21, 25], which are sensitive to only some of the neu-
trino flavours. At the same time, being flavour blind,
dual-phase xenon detectors will provide complementary
information on the SN neutrino signal that is not obtain-
able with existing or planned neutrino telescopes.
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